Abstract Experimental investigations based on our custom-built torsion resonator were carried out on the kinetics and relaxation of the structural formation process in three agar-water solutions with agar concentrations of 0.75, 1.0, and 2.0 % w/w under natural cooling. An interesting temperature-dependent oscillatory decaying behavior of the structure development rate (SDR) in the agar gelation process is observed. This oscillatory SDR-decaying behavior is indicative of a sum of multiple SDR-determining relaxation processes and could be quantitatively described by a multiple-order Gaussian-like equation, i.e., dG /dt
Introduction
Biopolymer gels with three-dimensional fibrous network structures constitute a special class of soft matter. They are widely used in many industrial fields (Stanley 1995; Nijenhuis 1997; Bohidar et al. 2002) , such as chromatography and filtration, photography, hematology, food technology, and pharmacy. Their unique mechanical and rheological properties, as well as the peculiar gelling/ melting processes, have attracted considerable scientific interest connected to the study of phase transitions, scaling, and criticality and universality (Stanley 1995; Nijenhuis 1997; Bohidar et al. 2002) . The studies of these materials also add to the understanding of the fundamental physics of the sol-gel/gel-sol transition (Feke and Prins 1974; Nijenhuis 1997; Manno et al. 1999; Bulone et al. 2004; Piazza and Benedetti 2010) . Despite many experimental and theoretical efforts (Pines and Prins 1973; Arnott et al. 1974a, b; Feke and Prins 1974; Rees et al. 1982; Clark et al. 1983; Watase and Nishinari 1986; Winter and Chambon 1986; Winter 1987a, b; Foord and Atkins 1989; Emanuele and Palma-Vittorelli 1992; Biagio et al. 1996; Nijenhuis 1997; Hohammed et al. 1998; Manno et al. 1999; Normand et al. 2000; Lai and Lii 2002; Bulone et al. 2004; Xiong et al. 2005; Cayre et al. 2007; Boral et al. 2008; Piazza and Benedetti 2010) from scientists in the past, the achieved progress is far from satisfactory. The kinetics and relaxation of the network structure formation in biopolymers and their associated gelation mechanism remain poorly understood (Foord and Atkins 1989; Normand et al. 2000; Lai and Lii 2002; Bulone et al. 2004; Xiong et al. 2005; Cayre et al. 2007; Boral et al. 2008; Piazza and Benedetti 2010) .
Agar is a gel-forming polysaccharide extracted from seaweeds with a sugar skeleton consisting of alternating 1,3-linked β-D-galactopyranose and 1,4-linked 3,6-anhydro-α-L-galactopyranose units; it is used as a model biopolymer in gelation (Stanley 1995) . Time-resolved experiments combining techniques such as rheology, scattering, and measurements of turbidity by spectrometer or differential scanning calorimeter are ideal for investigating the agar gelation mechanism. In the past 30 years, many time-resolved experiments (Pines and Prins 1973; Feke and Prins 1974; Rees et al. 1982; Clark et al. 1983; Watase and Nishinari 1986; Clark and Ross-Murphy 1987; Emanuele and Palma-Vittorelli 1992; Lopes da Silva et al. 1995; Omari 1995; Sarkar 1995; Biagio et al. 1996; Guo et al. 1998; Hohammed et al. 1998; Yoshimura and Nishinari 1999; Normand et al. 2000; Lai and Lii 2002; Bulone et al. 2004; Xiong et al. 2005; Cayre et al. 2007; Boral et al. 2008; Piazza and Benedetti 2010) have been performed to extensively study the microstructural, mechanical, and rheological properties of agar or agarose gels; however, some resulting conclusions seem inconsistent. For example, based on turbidity and rheology measurements, Xiong et al. (2005) recently suggested that when a quench rate as large as 30 • C/min is applied, agarose gelation is initiated by a nucleation and growth mechanism rather than the previously suggested mechanism of spinodal decomposition. More recently, based on the results of light scattering and rheology experiments, Boral et al. (2008) suggested that agar gelation is a complex, gradual process, and the selfassembly of agar molecules en route to gelation indicated the simultaneous growth of self-similar aggregates and larger macrodomains due to spinodal demixing. Clearly, most of the previous inconsistencies are due to insufficient experimental investigation of the kinetics and equilibrium processes of the sol-gel/gel-sol transitions of agar or agarose gels, as well as the effect of the gelation conditions on the gels' microstructure and viscoelastic properties (Clark and Ross-Murphy 1987; Lopes da Silva et al. 1995; Omari 1995; Sarkar 1995; Guo et al. 1998; Yoshimura and Nishinari 1999; Lai and Lii 2002; Xiong et al. 2005; Normand et al. 2000; Boral et al. 2008) .
In the present work, we report a time-resolved experiment based on our custom-developed torsion resonator (Ferry 1980; Zhang et al. 2003; Wang et al. 2008 Wang et al. , 2010a Wang et al. , b, 2012 , with which we examine the gelation behavior of three aqueous agar solutions with agar concentrations (C) of 0.75, 1.0, and 2.0 % w/w during natural cooling from 80 • C to room temperature (∼25 • C). The time (t) and temperature (T ) evolutions of the structure development rate (SDR) or gelation rate (Rao and Cooley 1993; Lopes da Silva et al. 1995; Piazza and Benedetti 2010; Lai and Lii 2002; Xiong et al. 2005) , defined by dG /dt, of the naturally cooled agar sol-gel transition (Nijenhuis 1997) were primarily investigated. Our experimental results show that the agar sol-gel transition during natural cooling is a gradual and oscillatory multiple-mode SDR-determining process that exhibits a complex gelation mechanism, which can be characterized by the multiple-order Gaussian-like kinetics of the fluctuant temperature-dependent dG /dt:
The effect of the temperature (T n ) to the obtained W n (or K n ) was also found to show two different temperature-dependent behaviors at high temperature (> T pe , during the agar sol-gel process) and at low temperature (< T pe , during the following syneresis process). The high-temperature T n -W n (or T n -K n ) behavior typically follows the Arrhenius law with activation energies of E a = 39-74 kJ/mol (for various agar concentrations), clearly indicating that the formation or fission of hydrogen bonding interactions plays an important role in the structural network formation during the agar sol-gel process, howbeit the lowtemperature one indicates an agar gel syneresis process with a small and leveling off structure development rate.
Experimental section
Agar powder with a molecular weight of ∼120 kDa was supplied by Guangdong Huankai Microbial Sci. & Tech. Co., Ltd. The aqueous agar solutions with concentrations of 0.75, 1.0, and 2.0 % w/w were prepared by dissolving the agar powder in deionized water at 100 • C. After 30 min of boiling, the solution was filtered at 80-90 • C through 0.22-μm filters and then quickly loaded into the preheated (80 • C) sample cell (Fig. 1c, 1 ) of our torsion resonator apparatus (Ferry 1980; Zhang et al. 2003; Wang et al. 2008 Wang et al. , 2010a Wang et al. , b, 2012 . The sample-loaded cell, made from Teflon material and of the annular-cup type (Wang et al. 2008 (Wang et al. , 2010a (Wang et al. , b, 2012 , was contained in a water-controlled temperature housing (Fig. 1c, 5 ) with the temperature stability better than ±0.01 • C and connected to a HS-4 standard thermostatic water bath 1 (Fig. 1a) . Temperature control was accomplished by circulating an ethylene glycol-water mixture from the constant-temperature water bath through passages machined in the housing (Wang et al. 2008 (Wang et al. , 2010a .
After preparation at 80 • C, the loaded hot agar sol was subsequently allowed to slowly cool from 80 • C to room temperature (∼25 • C) by switching off the power supply (or power button, see Fig. 1a ) of the constant temperature water bath and letting the ethylene glycol-water mixture in the temperature housing naturally cooled to room temperature, as in previous studies (Arnott et al. 1974a, b; Rees et al. 1982; Watase and Nishinari 1986; Clark and Ross-Murphy 1987; Foord and Atkins 1989; Sarkar 1995; Stanley 1995; Nijenhuis 1997; Guo et al. 1998; Hohammed et al. 1998; Bohidar et al. 2002; Piazza and Benedetti 2010) . During (Wang et al. 2008 (Wang et al. , 2010a (Wang et al. , b, 2012 Xiong and Zhang 2010) : 1 the Teflon sample cell of annular-cup type (with an inner diameter of 10 mm, outer diameter of 18 mm, and wall thickness of 0.5 mm), 2 measured sample, 3 high-precision thermocouple, 4 inverted cup (with a wall thickness of ∼0.3 mm), 5 ethylene glycol-water mixture and copper temperature housing, 6 Teflon jacket, and 7 optical measuring system (Wang et al. 2008) . For more details of torsion resonator, see our recent references (Wang et al. 2008 (Wang et al. , 2010a the cooling process, the temperature of the agar-water gel system was measured with a high-precision thermocouple (Fig. 1a, 3) carefully inserted into the sample fluid. Changes of ±0.05 • C can be readily detected using a high-precision Yudian UGU microprocessor temperature controller 2 (Fig. 1b) .
Simultaneously, the time dependence of the mechanical and viscoelastic properties of the agar-water gel system were detected by our torsion resonator (Wang et al. 2008 (Wang et al. , 2010a (Wang et al. , b, 2012 Xiong and Zhang 2010) , which works in the constant applied-stress mode and at a frequency of 10 Hz. This modified torsion resonator, with a phase angle measurement uncertainty of less than ±0.0003 • and a displacement signal measurement uncertainty of better than 1 %, has already been successfully used to gain insights into the viscoelasticity of aqueous glycerol solutions (Wang et al. 2008) , semi-dilute polyacrylamide-water solutions (Wang et al. 2010a) , polyethylene oxide solutions (Wang et al. 2010b) , and granular materials (Xiong and Zhang 2010) , as well as the water-to-ice transition (Wang et al. 2012) . In the reported time-resolved experiments, narrowing the 2 See www.yudian.com. gap between the resonator and the sample cell to ∼2.0 mm allowed the torsion resonator apparatus to work at the gaploading condition, similar to a commercial stress-controlled dynamic rheometer (Ferry 1980) . To ensure that all the measurements were made in the linear viscoelastic regime and to avoid destruction of the structure of the agar gel and slippage of the gel during measurements, typical working amplitude of oscillations of the torsion resonator was restricted to be of the order of 1.0 μm or less by applying the slight constant external stress torque (τ ) of 193 μN m (as indicated in Fig. 2a) . (Wang et al. 2008 (Wang et al. , 2010a .
Additionally, the sample cell and temperature housing of the torsion resonator were specifically designed to significantly reduce the temperature gradients in measured samples and to ensure thermal quasi-equilibrium in the sample during each measurement. As shown in Fig. 1 , the sample cell was designed with a small wall thickness of less than 0.5 mm and a smaller gap of ∼4.0 mm between the inner and outer walls. The temperature housing was made from red copper (1.0 mm thick) for good thermal conductivity and tightly wrapped in a Teflon jacket (Fig. 1c, 6) to reduce heat leakage; the sample cell was located just below 2/3 the height of the temperature housing to obtain a more stable and even temperature distribution in the measured samples. For a reference sample of pure water, this design allowed the temperature gradient in a pure water sample at room temperature to be controlled to within 0.1 • C. Note that each torsion resonator measurement reported in this paper was repeated at least three times to verify reproducibility (relative standard deviation less 8 %).
Results and discussion
Typical gelation kinetics of the agar-water gel system with C = 2.0 % w/w are shown in Fig. 2 . The agar sol was naturally cooled to ∼30 • C at a rate of approximately 0.1 • C/min, as indicated in Fig. 2a . It is observed from Fig. 2a , b that the measured temperature (T ) of the gelling agar-water sample and the response strain (γ ) and apparent mechanical loss tangent (tgφ) of the oscillating cup (inserted into the measured aqueous agar solution under the constant applied-stress torque τ = 193 μN m) vary regularly and continuously upon natural cooling. Such continuous variations of the temperature and the response γ and tgφ are distinctly different from those in the freezing process of water (Akyurt et al. 2002; Li et al. 2002; Wang et al. 2012) . The water-to-ice freezing process usually shows an abrupt change in the corresponding T (t), γ (t), and tgφ(t) curves at the freezing point, representative of a typical firstorder phase transition or a nucleation and crystallization process (Akyurt et al. 2002; Li et al. 2002) , but no abrupt change was observed in Fig. 2a . T 0 denotes the temperature at which G = G and value of dG /dt is maximal. Note that our result shows that the crossover of G and G shown in c is not the gel point (Tung and Dynes 1982) but the point of maximum gelation rate, and it has been established that (Tung and Dynes 1982) it is dependent on the measuring frequency. T pe , used as the boundary temperature between stages II and III, is defined to be the temperature at which an agar gel network in dynamic equilibrium or a pseudo-equilibrium state (Xiong et al. 2005 ) is completely formed. Note that T pe also corresponds to the temperature of the crossover of the two temperature-dependent relaxation processes in stages II and III, as indicated in Fig. 4 . The t-dG /dt trace in d was obtained by using the Origin software package (see http://www.originlab.com/index.aspx?go=Products/Origin) to calculate the time differential coefficient of the G (t) curve in c mechanism of the agar sol-gel process upon natural cooling from that of the freezing process of water. In terms of the relationships (Ferry 1980; Wang et al. 2008 Wang et al. , 2010a Wang et al. , b, 2012 Xiong and Zhang 2010 
is the apparatus constant, in which R is the radius of the oscillating inverted cup and H 0 is the height of the cup inserted into the measured sample), from the T (t), γ (t), and tgφ(t) data in Fig. 2a , b, one can obtain the viscoelastic property, i.e., the storage (G ) and loss (G ) moduli, as a function of the time, given in Fig. 2c . As expected, from Fig. 2c , it is seen that the magnitude of G increased significantly with increasing time and the increment of G was much larger than that of the energy-dissipation G at the later stage of gelation. The t-G and t-G traces in Fig. 2c clearly have the general form resembling previous rheological results (Flory and Weaver 1960; Clark et al. 1983; Watase and Nishinari 1986; Winter and Chambon 1986; Winter 1987a, b; Clark and Ross-Murphy 1987; Ross-Murphy 1991a, b; Lopes da Silva et al. 1995; Omari 1995; Sarkar 1995; Lai et al. 1997 Lai et al. , 1999 Nishinari 1997; Guo et al. 1998; Hohammed et al. 1998; Labropoulos et al. 2001; Lai and Lii 2002; Takenaka et al. 2002; Xiong et al. 2005; Boral et al. 2008 Boral et al. , 2010 Piazza and Benedetti 2010) of polysaccharide gels by the commercial dynamic rheometer, reflecting the multiple transitions concerning conformational ordering (Manno et al. 1999; Bulone et al. 2004 ) and helix-helix aggregation (Flory and Weaver 1960) on agar gelation, as well as the following syneresis (Boral et al. 2010) . Figure 2d shows the corresponding structure development rate or gelation rate (Ross-Murphy 1991b; Rao and Cooley 1993; Lopes da Silva et al. 1995; Lai and Lii 2002; Xiong et al. 2005; Piazza and Benedetti 2010) , characterized by the time rate of variation of storage modulus, G , given by dG /dt, as a function of time. As is seen from Fig. 2d , the SDR rapidly increases at first and then gradually and oscillatory decays until the end of the aging period, which corresponds to the S-shaped increase (Clark and Ross-Murphy 1987; Nijenhuis 1997) in the storage modulus as shown in Fig. 2c . Three individual stages (indicated as I, II, and III in Fig. 2d ), similar to previous stage divisions (Xiong et al. 2005; Boral et al. 2008) for the agarose/agar gel gelation process based on light-scattering experiments and on turbidity and rheological measurements, could thus be identified. Stage I corresponds to the sol state, where the temperature is higher than the gelation temperature (T g ). In this stage, the agar-water samples could be considered as an amorphous and fully ergodic phase (Clark and Ross-Murphy 1987; Nijenhuis 1997) , consisting of distinct-size particles having Gaussian chain (random coil) or disconnected helix character (Boral et al. 2008) , and both the elasticity and the structure development of the samples would be extremely low and stable. As the sample temperature approaches T g , at which the occurrence of a coil-to-helix transition (Flory and Weaver 1960; Biagio et al. 1996; Hohammed et al. 1998; Xiong et al. 2005; Boral et al. 2008 ) is possible, the agar sol-gel gelation starts. Stage II is the so-called gelation zone (Nijenhuis 1997; Boral et al. 2008) , where the gelling temperature window (Boral et al. 2008 ) is T g > T ≥ T pe . In stage II, the agar gelation proceeds and a three-dimensional agar network structure would be built (Xiong et al. 2005; Boral et al. 2008 ), leading to a structural development rate that rapidly increases at first and then gradually decays, as well as a resultant exponential-like time-dependent (or S-shape) elasticity growth (Clark and Ross-Murphy 1987; Nijenhuis 1997; Boral et al. 2008) , as illustrated in Fig. 2c, d . As the sample temperature is further reduced, the agar network structure (Xiong et al. 2005; Boral et al. 2008) would be completely formed at T pe , and it would continuously refine or reforce in stage III (< T pe ) possibly due to syneresis (Boral et al. 2008 (Boral et al. , 2010 , exhibiting an oscillatory pattern much like a pulsating behavior (Boral et al. 2010) .
Altogether, the typical result of Fig. 2 discussed above, illustrating the time course of the gelation kinetics of the naturally cooled agar-water system, reflects the agar gel structural network formation and its structural development during the gelation process. These results are quite consistent with previous experimental results of polysaccharide gels reported in the literature (Flory and Weaver 1960; Clark et al. 1983; Watase and Nishinari 1986; Clark and Ross-Murphy 1987; Ross-Murphy 1991a, b; Lopes da Silva et al. 1995; Omari 1995; Sarkar 1995; Lai et al. 1997 Lai et al. , 1999 Nishinari 1997; Guo et al. 1998; Hohammed et al. 1998; Labropoulos et al. 2001; Lai and Lii 2002; Takenaka et al. 2002; Xiong et al. 2005; Boral et al. 2008 Boral et al. , 2010 Piazza and Benedetti 2010) . However, what we are most interested in this work is the gradual and oscillatory decaying behavior of the SDR (after the rapid increase) during stages II and III, as illustrated in Fig. 2d . Such oscillatory decaying behavior is clearly unusual when compared to the previously reported ones (Nijenhuis 1997; Xiong et al. 2005; Piazza and Benedetti 2010) , in which, following an initial rapid increase, the SDR gradually and smoothly decays until it reaches a smaller value that is almost independent of the aging time or aging temperature. Intuitively, it appears that the agar-water sample under natural cooling is undergoing a complex gelation kinetics, consisting of multiple structure relaxation processes of SDR. Actually, similar fluctuant decaying behavior had ever been detected in previous experimental studies (Clark and Ross-Murphy 1987; Rao and Cooley 1993; Lopes da Silva et al. 1995; Biagio et al. 1996; Nijenhuis 1997; Nishinari 1997; Lai and Lii 2002; Boral et al. 2010; Piazza and Benedetti 2010) , but it was unfortunately overlooked.
Previous investigations (Flory and Weaver 1960; Clark and Ross-Murphy 1987; Rao and Cooley 1993; Nijenhuis 1997) of the gelation kinetics of polymer gels using various physical methods have shown that the temperaturedependent function of the SDR is analogous to a nucleated crystallization reaction, well exhibiting the structure relaxation of the network formation and development during the gelation process. To understand the unusual gradual and oscillatory decaying SDR behavior as shown in Fig. 2d and its underlying multiple SDR-determining relaxation property, the structural development rate in the gelation process for the three gelling agar-water systems (of C = 0.75, 1.0, and 2.0 % w/w) under natural cooling is then investigated as a function of temperature. Investigated T -SDR traces are shown in Fig. 3a , and the corresponding temperaturedependent G and tgφ traces are given in Fig. 3b . Note that all T -SDR, T -G , and T -tgφ traces given in Fig. 3a, b were obtained from the t-dependent temperature, dG /dt, G , and tgφ data (e.g., those in Fig. 2a, d for the typical case of C = 2.0 % w/w) detected in the time-resolved measurements based on our torsion resonator apparatus. Figure 3a illustrates that the development rate of the agar gel structure during the gelation process exhibits an oscillatory decay after the rapid increase in T g < T < T 0 , and this temperature-dependent oscillatory SDR-decaying behavior gradually shifts to the high temperature range when the agar concentration is varied from 0.75 to 2.0 % w/w. The top inset of Fig. 3a shows the shift in the stage-dividing temperatures, T g and T pe , as well as the maximum SDR at temperature T 0 , as functions of agar concentration. It is clear that, with increasing agar concentration, the agar gelation occurs sooner and the gelation rate decays faster, as it was attended due to the higher probability of association (Clark and Ross-Murphy 1987) when more agar molecules are present. Also, the bottom inset of Fig. 3a shows that the maximum SDR at T 0 varies with the agar concentration to approximately the 14th power, i.e., (SDR) max ∝ C 14 . This power dependence of (SDR) max on agar concentration observed is again quite consistent with what was found for other biopolymer gels reported in the literature (Bisschops 1955; Richardson and Ross-Murphy 1981; Clark and Ross-Murphy 1987; Nolte et al. 1992; Sarkar 1995; Lopes da Silva et al. 1995; Nijenhuis 1997; Lai and Lii 2002; Boral et al. 2008) . For example, Bisschops (1955) found that dG /dt ∼ c 22 for the physical gels of poly(acrylonitrile) in dimethylformamide; Richardson and Ross-Murphy (1981) found that the gelation rate of the bovine serum albumin gelation varies at dG /dt ∼ c 27 over the low concentrations, but varies at dG /dt ∼ c 6 at the higher concentrations (∼20 %); and Lopes da Silva et al. (1995) found dG /dt ∼ c 4.1 for the HMP/sucrose gelation. For a different system, the value of the power exponent observed seems different. The interpretation of these exponents is complex (Lopes da Silva et al. 1995; Nijenhuis 1997) . It is likely that the complex mechanism of the agar macromolecular association/cross-linking involved might be responsible for the high value (i.e., 14) of the exponent observed in the bottom inset of Fig. 3a . On the other hand, from previous studies (Bisschops 1955; Richardson and Ross-Murphy 1981; Clark and Ross-Murphy 1987; Nolte et al. 1992; Sarkar 1995; Lopes da Silva et al. 1995; Nijenhuis 1997; Lai and Lii 2002; Boral et al. 2008) , it can be found that such power law relationship with the 14 power implies the presence of a multiple-order agar gel structural relaxation (or gelation kinetics).
Motivated by previous studies of multiple relaxation behaviors in soft materials (Pines and Prins 1973; Arnott et al. 1974a; Feke and Prins 1974; Clark et al. 1983; Clark and Ross-Murphy 1987; Foord and Atkins 1989; RossMurphy 1991a, b; Emanuele and Palma-Vittorelli 1992; Lopes da Silva et al. 1995; Omari 1995; Sarkar 1995; Stanley 1995; Biagio et al. 1996; Lai et al. 1997 Lai et al. , 1999 Nijenhuis 1997; Guo et al. 1998; Manno et al. 1999; Normand et al. 2000; Labropoulos et al. 2001; Akyurt et al. 2002; Lai and Lii 2002; Takenaka et al. 2002; Bulone et al. 2004; Xiong et al. 2005; Boral et al. 2008 Boral et al. , 2010 , we thus proposed that the intriguing temperature-dependent oscillatory T -SDR decaying behavior, as indicated in Fig. 3a , should be the exhibition of the sum of multiple rate relaxation dispersions of SDR (n) or dG /dt (n) (at which n can be 0, 1, 2..., denoting the individual SDR dispersion) and that each individual SDR (n) relaxation dispersion satisfies a Gaussian-like temperature dependence (Feke and Prins 1974; Clark and Ross-Murphy 1987; RossMurphy 1991a, b; Lopes da Silva et al. 1995; Omari 1995; Sarkar 1995; Stanley 1995; Biagio et al. 1996; Lai et al. 1997 Lai et al. , 1999 Nijenhuis 1997; Guo et al. 1998; Manno et al. 1999; Labropoulos et al. 2001; Boral et al. 2010; Piazza and Benedetti 2010) . From previous studies (Pines and Prins 1973; Arnott et al. 1974a; Feke and Prins 1974; Clark et al. 1983; Clark and Ross-Murphy 1987; Foord and Atkins 1989; Ross-Murphy 1991a, b; Emanuele and Palma-Vittorelli 1992; Lopes da Silva et al. 1995; Omari 1995; Sarkar 1995; Stanley 1995; Biagio et al. 1996; Lai et al. 1997 Lai et al. , 1999 Nijenhuis 1997; Guo et al. 1998; Manno et al. 1999; Normand et al. 2000; Labropoulos et al. 2001; Lai and Lii 2002; Bulone et al. 2004; Xiong et al. 2005; Boral et al. 2008 Boral et al. , 2010 ; the dispersions, occurring above Fig. 3 Left: Effect of temperature on a the SDR, i.e., dG /dt, and on b the storage modulus, G , and the loss, tgφ ≡ G /G , for three agarwater solutions at concentrations of 2.0, 1.5, and 0.75 % w/w upon natural cooling. The top and bottom insets of a respectively show the agar concentration dependences of the temperature parameters (T g , T 0 , and T pe ) and the maximum SDR (i.e., the dG /dt value at T 0 ). Right: c, d respectively show the fitting by the multiple-order Gaussian equation (i.e., Eq. 1) to the dG /dt ∼ T data given in a. In c, d, several different dashed curves (exhibiting various color online) are fitted by the Gaussian equation, y n (T ) = K n * exp −2 (T − T n ) 2 /W 2 n , with three fitting parameters (K n , T n , and W n ); the solid wide curve (exhibiting red color online) is the sum of these individual Gaussian fitting results, i.e., dG dt = m n=0 y n (T ). Note: m = 7, 11, and 7 are respectively used for cases of C = 2, 1.5, and 0.75 % w/w during the fitting process; values of corresponding K n , T n , and W n fitting parameters are shown in Fig. 4 T pe in the stage II, should be involved in the agar gel network formation. We argue that the first dispersion with the maximum SDR magnitude (K n=0 ) at T 0 might originate from the formation of junction zones in polymer-rich phases due to the assembly of the disconnected agar fibers or helices (Lopes da Silva et al. 1995; Hohammed et al. 1998; Xiong et al. 2005; Boral et al. 2008) ; the second-and third-rate (or fourth-rate) processes might also be idealized as corresponding to the subsequent enlargement of junction zones (Rees et al. 1982; Clark and Ross-Murphy 1987; Nijenhuis 1997; Bulone et al. 2004 ) and the local coagulation of polymer-rich phases (Clark and Ross-Murphy 1987; Nijenhuis 1997) . These processes (above T pe ) would ultimately lead the free energy of the whole system to approach the global minimum. At T pe , the gelation process ends; the result is a pseudogel with an inhomogeneous structure, comprising ordered domains of various length scales (Clark and Ross-Murphy 1987; Xiong et al. 2005; Boral et al. 2008) . In contrast, the other rate processes below T pe in stage III might correspond to the relaxation of water released from these various size domains during the syneresis process, leading to the continuous evolution of the internal structure of agar gels with the slowly relaxing breathing modes (or pulsating modes) (Yoshida and Uesusuki 2005; Yashin and Balazs 2006) . According to the study reported by Boral et al. (2010) , the breathing-like modes or pulsating behavior observed in agar hydrogels might be due to the internal osmotic stress on the physical network during syneresis.
From the above hypothesized interpretation, we further propose a multiple-order Gaussian equation for quantitatively describing the temperature-dependent oscillatory T -SDR decaying behavior:
where K n denotes the magnitude of each dispersion, T n is the temperature at the peak maximum, W n is the characteristic width of each dG /dt (n) ∼ T dispersion profile, and m characterizes the number of dispersions. 3 The best leastsquares nonlinear fit of Eq. 1 to the SDR ∼ T data in Fig. 3a was then made by using the Origin Software. Corresponding fitting results are shown in Fig. 3c, d . Figure 3c , d clearly illustrates that the temperature-dependent oscillatory T -SDR decaying behaviors for the gelling agar-water systems (of C = 0.75, 1.0, and 2.0 % w/w) under natural cooling can be well described by Eq. 1. Multiple relaxation dispersions of dG /dt (n) in stages II and III, designated as n = 0-7, 0-10, and 0-7, respectively, for cases of C = 0.75, 1.0, and 2.0 % w/w, could be quantitatively and unambiguously identified from data in the studied temperature range. Values of the fitted K n , T n , and W n parameters for each component dispersion are given in Fig. 4 . Emphasis should be placed that such multiple-mode SDR relaxation characteristic of the agar gelation kinetics, well depicted by Eq. 1, to our knowledge, is first observed, although it has been well accepted that (Clark and Ross-Murphy 1987; Djabourov et al. 1988; Sarkar 1995; Nijenhuis 1997; Manno et al. 1999; Lai and Lii 2002; Bulone et al. 2004; Boral et al. 2008; Piazza and Benedetti 2010) there exists multiple-exponential-mode relaxation or multiple-order gelation kinetics in the polysaccharide sol-gel process. Fig. 4 Variation of a W n and b the maximal gelation rate, K n , as a function of temperature, T n , for three agar-water systems of C = 0.75, 1.0, and 2 %w/w under natural cooling in stages II and III. Error bars indicate the standard error of the mean. While not visible, error bars are within the symbol. The solid curves illustrate the Arrhenius treatment (Nowick and Berry 1972; Clark and Ross-Murphy 1987; Lopes da Silva et al. 1995; Nijenhuis 1997) for the effect of temperature to W n (or K n ) in stage II, the dashed-dot curves denote the small and leveling off W n (or K n ) with varying temperature in stage III, and the dot-arrow lines illustrate that T pe corresponds to the temperature of the crossover of two distinct temperature (T n )-dependent W n (or K n ) behaviors in stages II and III Moreover, the temperature (T n ) dependences of the fitted W n in Fig. 4a further indicate a two-step relaxation during the investigated agar gelation process in stages II and III. Such indication is quite analogous to the temperature dependences of the gel mode relaxation time (t g ) and the width parameter (β) of the relaxation distribution observed by Boral et al. (2008) , and that of the gelation rate of HMP/sucrose dispersions reported by Lopes da Silva et al. (1995) , as well as the W5S sensor response reported by Piazza and Benedetti (2010) . The first relaxation step in stage II, in which the value of W n for one agar-water system increases evidently with decreasing temperature T n , describes the agar sol-gel transition in stage II and seemingly follows the Arrhenius law (Nowick and Berry 1972; Clark and Ross-Murphy 1987; Lopes da Silva et al. 1995; Nijenhuis 1997) . In contrast, the second relaxation step, in which the SDR dispersions with the smaller and leveling off W n play an important role, shows a slowly relaxingbreathing-like (Boral et al. 2010) behavior, characterizing the following syneresis process in stage III. Similar evidence also exists in the temperature dependence of the maximum SDR (i.e., K n ) as shown in Fig. 4b . To further quantify the agar sol-gel relaxation in stage II, as previous Arrhenius equation treatments of temperature-dependent relaxation behaviors in soft matter (Lopes da Silva et al. 1995) and polycrystalline metals (Nowick and Berry 1972; Su and Kê 1989) , an empirical Arrhenius-like equation (Nowick and Berry 1972 ) W n ∝ A 0 exp (−E a /RT ) (at which A 0 is the pre-exponential factor, E a denotes the apparent activation energy, and R is the universal gas constant) was then applied to fit the W n ∼ T −1 n data in stages II given in Fig. 4a . The resultant E a values are given in Table 1 .
Although the fitting equation used above, W n ∝ A 0 exp (−E a /RT ), is only an empirical equation and the parameter E a is not precisely equal to the activation energy of a Debye relaxation process described by the Arrhenius equation, 4 we propose that the W n ∼ T −1 n result shown in Fig. 4a and the derived E a values have a true physical meaning. From Table 1 , it was found that the E a value for C = 0.75-2.0 % w/w is evidently dependent on the agar concentration and in the range of 39-74 kJ/mol. These values are comparable with those obtained for agar-agar gels Nishinari 1981, 1983) and are close to the heat of reaction of cross-links evaluated from the melting point data (Moritaka et al. 1980 ) using the Eldridge-Ferry relationship (Eldridge and Ferry 1954) . From previous studies (Dienes 1953; Feke and Prins 1974; Watase and Nishinari 1981; Clark et al. 1983; Watase and Nishinari 1986; Clark and Ross-Murphy 1987; Ross-Murphy 1991a, b; Emanuele and Palma-Vittorelli 1992; Sarkar 1995; Lopes da Silva et al. 1995; Omari 1995; Biagio et al. 1996; Lai et al. 1997 Lai et al. , 1999 Nijenhuis 1997; Nishinari 1997; Guo et al. 1998; Manno et al. 1999; Normand et al. 2000; Labropoulos et al. 2001; Lai and Lii 2002; Bulone et al. 2004; Xiong et al. 2005; Boral et al. 2008 Boral et al. , 2010 Piazza and Benedetti 2010) , it is reasonable to argue that this obtained E a value of 39-74 kJ/mol may be phenomenologically ascribed to the energy barrier related to the formation of the agar pseudogel network during the agar gelation process in stage II, and in this process, the formation and fission of hydrogen bonding interactions (Dienes 1953; Clark and Ross-Murphy 1987; Nijenhuis 1997; Manno et al. 1999; Bulone et al. 2004) between disconnected agar chains, fibers, and cross-linking junctions of the agar gel structure play an important role. Increasing the agar concentration would increase the hydrogen bonding interaction, thus leading to an increase of the E a value.
Conclusion
In the present study, we have explored the temperaturedependent structure development rate of the gelation kinetics of three agar aqueous systems under natural cooling from ∼80 • C to room temperature, as monitored by our custombuilt torsion resonator. Our experimental results show that the agar sol-gel transition during natural cooling is a gradual and continuous process that exhibits a complex gelation mechanism involving a SDR-defining multiple-mode relaxation process, which can be described by a multipleorder Gaussian equation: dG /dt ≡ m n=0 dG/dt (n) = m n=0 K n exp[−2(T − T n ) 2 /w 2 n ]. The SDR dispersions with the characteristic temperature T n (larger than T pe ) in stage II are argued to be attributed to the relaxation of the selfassembly of agar molecules, or the growth of junction zones en route to gelation in the sol-gel stage (Clark and RossMurphy 1987; Rao and Cooley 1993; Lopes da Silva et al. 1995; Nijenhuis 1997; Xiong et al. 2005; Boral et al. 2008) . The temperature dependence of corresponding W n in the gelation zone (i.e., stage II) was also found to follow an empirical Arrhenius-like law with the activation energy E a in the range of 39-74 kJ/mol. This indicates that the formation and fission of the hydrogen bonding interaction (Dienes 1953; Clark and Ross-Murphy 1987; Nijenhuis 1997; Manno et al. 1999; Bulone et al. 2004 ) between disconnected agar chains, fibers, and cross-linking junctions of the agar gel structure play an important role in the agar structural network formation. In contrast, those SDR relaxation dispersions with smaller and leveling off W n and SDR magnitude after T pe (i.e., in stage III), quite similar to the slowly relaxing breathing modes reported by Boral et al. (2010) , may be ascribed to the release of water from agar hydrogels (called syneresis). To our knowledge, such multiple-order Gaussian-like kinetics of the temperaturedependent structure development rate in agar gelation, as illustrated in Fig. 3a and well depicted by Eq. 1, was first reported.
However, we should emphasize that agar exhibits a more complex gelation mechanism than described here; this paper does not answer all of the questions related to the origin and mechanism of the structural formation process of such complex systems, but it makes an attempt to present some experimental results to provide a new insight into the kinetic behavior of the structural formation process in the agarwater gel system on natural cooling. We also should keep in mind that there are other interesting questions yet to be completely answered. For example, the multiple-order Gaussian equation (Eq. 1) and the Arrhenius-like equation (W n ∝ A 0 exp (−E a /RT )) are used as the empirical equations in this work, but their exact mathematical and physical mechanism still remains ambiguous. Additionally, this work focuses only on the case of the natural cooling at one frequency, and the effect of the cooling rate and measurement frequency (Tung and Dynes 1982) needs further experimental studies in the future.
